purified GST kinases tested, only Elm1p gave a signal that body was fused at the N terminus, the 65 kDa polypepwas well above background and was similar to the signal tide appeared to be truncated at the C terminus. To obtained with mammalian AMPKK1 [18] ( Figure 1A ). confirm this, we made a larger scale preparation (lane 5, Figure 1B ), excised the 65 kDa fragment from the gel, digested it with trypsin, and analyzed the masses of the The C-Terminal Region of Elm1p peptide mixture obtained by MALDI-TOF mass specIs an Auto-Inhibitory Domain trometry. We could identify 14 peptides from the kinase To confirm these findings, we made several preparations domain, corresponding to 43% of the total sequence of GST-Elm1p, but their activity was variable. When ex-( Figure 1C ). The peptides identified covered the region amined by Western blotting with anti-GST antibodies, from residues 84 to 404, including almost the entire we observed a 65 kDa polypeptide as well as the fullkinase domain. Tryptic peptides derived from GST were length 100 kDa GST-Elm1p ( Figure 1B) . Interestingly, also detected, but we did not detect any peptides from the highest activity was found in the preparation that the CTD. These results suggested that the CTD was an contained the highest proportion of 65 kDa polypeptide.
auto-inhibitory domain, and, to confirm this, we exThe Elm1p sequence contains a central kinase domain pressed DNA encoding full-length Elm1p, or Elm1p with (Ϸ141-420), followed by a large C-terminal domain (CTD, Ϸ421-640). Since the GST detected by the antithe CTD removed (residues 1-420; Elm1p-⌬C), from a 3-7) . These findings correlate with the activation shown in Figure 2B . The lower panel shows reprobing of the same blot with a nonphosphospecific Snf1p antibody to confirm equal loading.
Expression of Activated Elm1p In Vivo Gives an Snf
Ϫ -Dependent Phenotype To examine the effect of the truncated, activated Elm1p in vivo, we compared a strain expressing the normal full-length ELM1 with a strain in which the DNA encoding the CTD (residues 421-640) had been deleted from the endogenous gene. Using anti-Elm1p antibody, the expression of full-length and truncated Elm1p was identical (not shown). Cells were grown in medium containing 1 M sorbitol, since it was found that some of the strains described below were osmotically sensitive. Kinase kinase assays in anti-Elm1p immunoprecipitates confirmed that the Elm1p-⌬C strain had an activity that was 6-fold greater than that of the strain expressing fulllength Elm1p. Figure 3 shows the appearance of colonies of these strains and others derived from them. The strain expressing full-length Elm1p ( Figure 3A ) and an snf1⌬ strain ( Figure 3B ) gave normal, round colonies ogy, and had a pseudohyphal growth pattern that caused the mother and daughter cells to fail to separate ( Figure 4C ). When we deleted SNF1 in the strain expressplasmid with a GAL1 promoter. The products were purified via hexahistidine tags and were the expected size ing Elm1p-⌬C, the morphology reverted to normal (Figure 4D) . Western blotting confirmed that the expression when probed with an anti-Elm1p antibody (Figure 2A , left panel). Although both protein products were active, of Elm1p-⌬C was not affected by the SNF1 deletion (not shown). The elongated cells/pseudohyphal growth the truncated product was 9-fold more active than the full-length protein (Figure 2A, right panel) .
phenotype was restored to the Elm1p-⌬C snf1⌬ strain Growth on raffinose was restored by providing SNF1 on a plasmid instead. Figure 5A shows that a pak1⌬ tos3⌬ elm1⌬ triple mutant also had an snfϪ phenotype in that it would grow on glucose but not on raffinose. Provision of either PAK1, ELM1, or TOS3 function on a plasmid allowed growth on raffinose, providing strong evidence that any one of these three kinases can activate the SNF1 complex in vivo.
Growth on raffinose requires derepression of the invertase gene (SUC2) via multiple phosphorylation of the repressor protein, Mig1p, by the SNF1 complex [22, 23] . Figure 5B shows that multiple phosphorylation of HAtagged Mig1p on transfer of a wild-type strain to low glucose was evident as reduced mobility on a Western blot. The hyperphosphorylation of Mig1p in response to low glucose was completely abolished in an snf1⌬10 strain and in a pak1⌬ tos3⌬ elm1⌬ triple mutant. Thr210, because the phenotype reverted upon expression of wild-type Snf1p, but not a Thr210Ala mutant. This Figure 5A shows that an snf1⌬10 strain would grow on glucose (Glu), but not on raffinose (Raf) as expected.
Discussion
suggests that the unusual cell growth pattern requires phosphorylation of Thr210 by Elm1p-⌬C, and that the could be restored by provision of any one of the three latter is acting as an upstream kinase for Snf1p.
kinases on a plasmid. In addition, the hyperphosphoryla-ELM1 was originally defined via mutations that caused tion of Mig1p that occurred in response to glucose deprian elongated cell morphology (ELM), constitutive, pseuvation of a wild-type strain was abolished in an snf1⌬10 dohyphal growth, and invasion of agar [20] . Pseudohystrain and in the pak1⌬ tos3⌬ elm1⌬ triple mutant. Thus, phal, invasive growth normally only occurs upon nutrient while any one of these three kinases can activate the starvation, and it is viewed as a mechanism to allow SNF1 complex in vivo, the presence of at least one of yeast to forage for nutrients. Figure 5A , the growth defect of the pak1⌬ tos3⌬ elm1⌬ triple mutant on raffinose upstream kinases in the mammalian AMPK system.
